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bstract

Cyclic voltammetry, XPS, RBS and AFM have been combined to study the ageing mechanism of Li intercalation in V2O5 thin films prepared
y thermal oxidation of vanadium metal. Multi-cycling tests were performed in 1 M LiClO4-PC in the potential range E ∈ [3.8, 2.8 V] versus
i/Li+, corresponding to the �-to-� phase transition. XPS and AFM were performed using direct anaerobic and anhydrous transfer. Capacity fading

emains inferior to 20% during ∼2500 cycles. XPS shows slight modifications of the oxide composition with a V4+ concentration increasing from
5% prior to cycling to ∼16–27% after cycling, due to Li trapped in the oxide film and to the loss of V2O5 active material. The presence of lithium

arbonate and lithium-alkyl carbonate species evidences the formation of the so-called SEI layer. AFM evidences the loss of crystalline material
y grain exfoliation from the outer V2O5 layer of the oxide film. By further exfoliation, the inner VO2 layer of the oxide film is reached and pits are
ormed, occupying ∼9–13% of the surface. This de-cohesion at grain boundaries is attributed to the strain generated by repeated lattice distortions.

fter 3300 cycles, the disappearance of lithium carbonates, whereas Li-alkyl carbonates and/or Li-alkoxides remain on the surface, indicates the
issolution and/or conversion of the SEI layer. After 4500 cycles, the oxide film became very labile and could be stripped away by rinsing to reveal
he vanadium metal substrate.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Vanadium pentoxide can be used as cathode material in bat-
ery applications owing to its Li intercalation properties. The
rthorhombic layered crystal structure of the �-V2O5 phase is
haracterized by weak vanadium–oxygen bonds between the
ayers, that allow small alkaline metal ions (M+), like Li+ and
a+ [1,2] to be inserted. In the potential range between 2.5 and
.5 V versus Li/Li+ (the so-called “safe” potential range), the
rocess of intercalation leads to a partial reduction of vanadium

rom V5+ to V4+ accompanying the insertion of 1 mol Li mol−1

f V2O5 to form the �-LiV2O5 phase. At lower potentials, irre-
ersible phase transformations occur. The structural changes of
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2O5 were widely studied for the first time by Murphy et al. [3]
nd Cocciantelli et al. [4].

Cycle life is a critical parameter for the properties of Li
ntercalation for battery applications. Cycling the insertion and
xtraction of Li in the potential range indicated above induces
epeated phase transitions that can cause fatigue damage to the
icrostructure [5,6]. However, the capacity fading observed

pon ageing by multi-cycling may not originate from struc-
ural/microstructural changes only, but also from modifications
f the composition of the oxide and breakdown, and/or con-
ersion of the so-called solid electrolyte interface (SEI) layer
ormed at the surface [7].

The aim of the present work was to investigate the ageing
f V2O5 thin films formed by thermal oxidation of vanadium

etal. V2O5 thin films are interesting materials for rechargeable

ithium microbatteries due to their high specific energy densities
nd capacities [8–13]. Many investigations concern the electro-
hemical properties of vanadium oxide thin films prepared by

mailto:jolanta-swiatowska@enscp.fr
mailto:jeesm@agh.edu.pl
dx.doi.org/10.1016/j.jpowsour.2007.04.014
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depth, RBS analyses were performed on the sample used in the
4500 cycle test. The energy spectrum of the backscattered ions
is presented in Fig. 1. The oxide compositions were extracted as
a function of depth by a fitting procedure, using the SIMNRA
J. Światowska-Mrowiecka et al. / Jour

ifferent method such as chemical [14–16] or physical [17–20]
apor deposition techniques and wet chemical/electrochemical
21–25] deposition methods on a variety of substrates, like
lass, silicon, titanium or stainless steel. The intercalation prop-
rties of thermal oxide thin films grown on vanadium metal
ave recently been studied by X-ray photoelectron spectroscopy
XPS), Rutherford backscattering spectrometry (RBS), nuclear
eaction analysis (NRA), atomic force microscopy (AFM), X-
ay diffraction (XRD), and electrochemical methods [26–28].
ere we report on the effect of ageing by multi-cycling of these

hermal oxide thin films, studied by cyclic voltammetry, XPS
nd AFM.

. Experimental

The vanadium metal samples (about 11 mm in diameter
nd 3 mm thick) were purchased from Surface Preparation
aboratory, Zaandam, The Netherlands. They were pseudo
ingle-crystals, oriented (1 1 1) and having a mosaic surface
icrostructure. The surfaces were prepared by three steps of
echanical, mechanical/chemical polishing and electropolish-

ng, as previously described in details [26,27].
The V2O5 films were formed by thermal oxidation at a high

2 pressure of 850 mbar and at 490 ± 10 ◦C for 5 min in a
edicated chemical reactor (see Refs. [26,27]). For the deter-
ination of the stoichiometry of the oxide as a function of

epth, Rutherford backscattering spectrometry (RBS) was used
ith a 2 MeV 4He beam produced by a Van de Graaff acceler-

tor. The detection of the backscattered ions was performed at
lab = 165◦. For the latter detection angle, the depth resolution
n the near surface region was better than 10 nm. The detection
olid angle was around 2 msr and the beam current was set to
0 nA.

Li intercalation was performed in a glove box (Jacomex)
nder Ar atmosphere with H2O and O2 contents lower
han 1ppm. The electrochemical experiments were performed
sing an Autolab (AUT30) and an EG&G Princeton Applied
esearch (Model 273) potentiostat/galvanostat. Cyclic voltam-
ograms (CVs) were recorded in a three-electrode glass

ell with V2O5/V(1 1 1) as working electrode and Li foil
Aldrich) as reference and counter electrodes. The electrolyte
as 1 M LiClO4 in propylene carbonate (1 M LiClO4-PC,
ldrich). The electrodes were cycled in the safe poten-

ial range, between 2.8 and 3.8 V versus Li/Li+, at the fast
can rate v = 5 mV s−1 and, after each set of 20 or 50 fast
ycles, with a slow scan cyclic volammetry (SSCV) rate v =
.5 mV s−1.

Two separate multi-cycling tests were performed: one up to
00 cycles and the other one up to 4500 cycles. The samples
ere analyzed by XPS and AFM before and after 700 cycles

n the first test and before and after 1200, 2450, 3300 and 4500
ycles in the second test. All analyses were performed after Li
e-intercalation at 3.8 V versus Li/Li+. For each analysis, the

ample was rinsed with acetonitrile, dried in Ar flow and directly
ransferred to the ultra-high vacuum XPS analysis chamber with-
ut exposure to air, using the set-up previously described [28],
r analyzed by AFM under the Ar atmosphere in the glove box.
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X-ray photoelectron spectroscopy (XPS) analysis was per-
ormed with a VG ESCALAB 250 spectrometer. An Al K�
onochromatized radiation (hν = 1486.6 eV) was employed as
-ray source. Binding energies were calibrated versus the car-
on signal at 285.0 eV. Survey spectra were recorded with a
ass energy of 100 eV and high resolution spectra of the XPS
1s–V 2p, C 1s and valence band region were recorded with a

ass energy of 20 eV.
Atomic force microscopy (AFM) imaging was performed

ith a Molecular Imaging instrument (PicoSPM with AFM
scanner and PicoSCAN 2100 controller) operated in con-

act mode, in the glove box under Ar atmosphere. The AFM
mages were acquired in topographic and differential modes.

silicon tip mounted on a cantilever with a force constant of
.2–3.5 N m−1 was employed.

The results reported below were obtained with thermal oxide
lms grown on the mosaic V(1 1 1) substrate. Oxide films grown
n V(1 1 1) and V(1 1 0) substrates gave quite similar XPS,
FM and RBS results and electrochemical responses allow-

ng to exclude a significant effect of the substrate structure on
he intercalation properties of the oxide film. Also, the electro-
hemical response of a blank sample stored for 1 month in the
love box was similar to that of a pristine sample indicating no
geing.

. Results

.1. Stoichiometry of the oxide film

In order to investigate the oxide composition as a function of
ig. 1. RBS spectrum of the pristine film. The inset shows the oxide compo-
ition as a function of depth obtained by fitting the RBS spectrum. The fit is
epresented in full line, along with the data. The oxidation state is deduced from
he stoichiometry used in the simulation.
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ig. 2. Slow scan cyclic voltammograms (SSCV’s) for V2O5/V(1 1 1) in the pot

oftware. Absolute calibration of solid angle was obtained by
sing a reference consisting of a known amount of Bi implanted
n a pre-amorphised Si target. Very good fits of the experimental
pectra were obtained when assuming the depth profiles shown
n the inset. In this representation, the depth, expressed in nm,
as obtained from the areal densities given by the fitting pro-

edure by using the known volumic densities of the different
xides. Note that the fitting is obtained by setting a stoichiometry
t each depth that can correspond either to a certain crystalline
xide phase or to a mixture of phases. The oxide consists of
2O5 in the outermost layer (∼77 nm thick) and a VO2 layer
elow (∼42 nm thick). Between these oxides, mixed oxides of
ype VnO2n+1 can be formed. A good fit is obtained by assuming
hat they correspond to ∼61 nm of V6O13. Underneath the VO2
ayer, the oxide composition changes gradually, passing over a
ide range of oxidation states and finally including oxygen dif-

usion into the metal. The overall thickness of the oxide film was
bout 220 nm.

.2. Electrochemical cycling tests

Fig. 2 shows a selection of SSCV’s for V2O5/V(1 1 1)
n 1 M LiClO4-PC obtained during the 700 cycle test. Two
ets of cathodic/anodic peaks, c1/a1 and c2/a2, are observed

t E = 3.38 V (c1), E = 3.42 V (a1) and at E = 3.18 V (c2), at
= 3.21 V (a2). They evidence that Li intercalation is quasi-

eversible in this range of potential (E ∈ [2.8, 3.8 V]). The c1/a1
nd c2/a2 peaks correspond to the insertion/de-insertion of Li

t
c
T

range E ∈ [3.8, 2.8 V] vs. Li/Li+ in 1 M LiClO4-PC, scan rate v = 0.5 mV s−1.

ons into the �-V2O5 oxide lattice to form � and � phases,
espectively, according to the following two reactions [3,4,29]:

1/a1 : V2O5 + (1/2)Li+ + (1/2)e− ⇔ Li0.5V2O5 (1)

2/a2 : Li0.5V2O5 + (1/2)Li+ + (1/2)e− ⇔ LiV2O5 (2)

he very well defined cathodic and anodic peaks provide an indi-
ect evidence of the crystalline quality of the oxide film produced
y thermal oxidation of vanadium metal in agreement with pre-
ious XRD and AFM data [26,27] and also with the AFM data
eported below. The peaks progressively became sharper and
tabilized after ∼30 cycles, and remained relatively stable for
he next 100–130 cycles before decreasing in intensity.

Fig. 3 shows the evolution of the charge density (normalized
o the initial values of 29.6 and 29.06 mC cm−2 for anodic and
athodic part, respectively) with cycling. The capacity cannot
e precisely deduced for this particular sample, as the thick-
ess of the oxide layer was not measured. The evolution shows
n increase of 3% during the first ∼100 cycles and a continu-
us decrease afterwards. It is assumed that minor changes of
he oxide morphology and/or structure are electrochemically
ctivated during the first cycles, which allows a few percents
ncrease of the capacity. The fading measured after 700 cycles
orresponds to 16% of the initial value.
Fig. 4 shows the evolution of the charge density (normalized
o the initial values of 17.72 and 16.82 mC cm−2 for anodic and
athodic part, respectively) with cycling in the 4500 cycle test.
aking into account the thickness of 77 nm of the outer V2O5
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ig. 3. Charge density evolution (normalized value) vs. number of cycles in the
00 cycle test. The values were calculated from the area of cathodic (intercala-
ion) and anodic (de-intercalation) peaks in the SSCV’s.

ayer measured by RBS on this sample, the initial charge density
orresponds to a capacity of 182 mAh g−1. This is larger than
he theoretical value of 147 mAh g−1 that corresponds to the for-
ation of the � phase (LiV2O5). This excess of charge indicates

hat Li also intercalates in the V6O13 inner layer of the oxide
lm. The capacity loss on this sample was 9% after 700 cycles.
fter ∼1200 cycles, the loss was 18% of the initial value. The

apacity was then nearly stable until 2450 cycles. It decreased
fterwards and dropped to about 75% of the initial value after
300 cycles at which stage it remained nearly stable until the
nd of the test (4500 cycles).

.3. Chemical changes of the oxide film
Fig. 5 presents the XP V 2p and O 1s core level spectra
or the V2O5/V(1 1 1) thin film prior and after the 700 cycle
est. Binding energies (EB) and full-widths at half-maximum

ig. 4. Charge density evolution (normalized value) vs. number of cycles in the
500 cycle test. The values were calculated from the area of cathodic (interca-
ation) and anodic (de-intercalation) peaks in the SSCV’s.
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ig. 5. XP spectra of the V 2p and O 1s core levels for a V2O5/V(1 1 1) thin
lm prior to cycling and after 700 cycles.

FWHM) values are compiled in Table 1. For the pristine film,
he V 2p3/2 and O 1s core levels are at EB(V 2p3/2A) = 517.86 eV,
B(V 2p3/2B) = 516.33 eV and EB(O 1sA) = 530.61 eV. The two
omponents of the V 2p3/2 peak located at 517.86 and 516.33 eV
re related to two oxidation states, V5+ and V4+, respectively, in
greement with previous data [26–28]. The proportion of V5+

V5+/(V5+ + V4+)) is 95%, indicating that the outer surface of the
xide film consists mostly of V5+. The O 1sA peak is assigned
o the oxygen ions of the oxide layer.

The stoichiometry of the oxide film can be calculated
rom the peak area at EB(V 2p3/2A) = 517.86 eV and EB(O

sA) = 530.61 eV as previously described [28]. The measured
/V atomic concentration ratio is 2.53, which confirms the

ormation of V2O5. An additional oxygen component at EB(O
sB) = 531.42 eV can be ascribed to the surface contamination

able 1
inding energy (EB) and the full-width at half-maximum (FWHM) in the XPS

pectra of O 1s and V 2p for a V2O5/V(1 1 1) thin film prior to and after 700
ycles in the potential range E ∈ [3.8, 2.8 V] vs. Li/Li+ in 1 M LiClO4-PC

Pristine 700 CV

EB (eV) FWHM (eV) EB (eV) FWHM (eV)

1sA 530.61 1.10 530.35 1.20
1sB 531.42 1.04 531.37 1.10
1sC – – – –
2p3/2A 517.86 0.93 517.67 1.15
2p3/2B 516.33 0.88 516.17 1.24



1 nal of Power Sources 170 (2007) 160–172

(
t
V

c
fi
(
a
r
o
m
o

T
1
T
m
c
o

a
v
c
o
s

o
t
c
9
i
2
T
t
l
c
f
t
2
V
o
i

a
p
c
T
h
c
a
3
V
i
l
i
V
f

y
(E

B
)

an
d

fu
ll-

w
id

th
at

ha
lf

-m
ax

im
um

(F
W

H
M

)
fo

r
th

e
X

P
O

1s
,C

1s
an

d
V

2p
pe

ak
s

fo
r

a
V

2
O

5
/V

(1
1

1)
th

in
fil

m
pr

io
r

to
an

d
af

te
r

12
00

,2
45

0,
33

00
an

d
45

00
(P

oi
nt

s
1–

3)
cy

cl
es

in
th

e
po

te
nt

ia
l

,2
.8

V
]

vs
.L

i/L
i+

in
1

M
L

iC
lO

4
-P

C

Pr
is

tin
e

12
00

C
V

24
50

C
V

33
00

C
V

45
00

C
V

Po
in

t1
45

00
C

V
Po

in
t2

45
00

C
V

Po
in

t3

E
B

(e
V

)
FW

H
M

(e
V

)
E

B
(e

V
)

FW
H

M
(e

V
)

E
B

(e
V

)
FW

H
M

(e
V

)
E

B
(e

V
)

FW
H

M
(e

V
)

E
B

(e
V

)
FW

H
M

(e
V

)
E

B
(e

V
)

FW
H

M
(e

V
)

E
B

(e
V

)
FW

H
M

(e
V

)

53
0.

16
1.

14
53

0.
20

1.
20

53
0.

48
1.

16
53

0.
36

1.
20

53
0.

30
1.

24
53

0.
27

1.
16

53
0.

24
1.

10
53

0.
93

1.
19

53
1.

20
1.

30
53

1.
49

1.
30

53
1.

18
1.

24
53

1.
40

1.
29

53
1.

23
1.

23
53

1.
16

1.
30

–
–

53
2.

40
1.

10
53

2.
32

1.
30

53
2.

16
1.

24
53

2.
20

1.
12

53
2.

35
1.

29
53

2.
52

1.
25

–
–

–
–

–
53

3.
58

1.
29

53
3.

01
1.

23
53

3.
56

1.
29

53
3.

63
1.

15
28

5.
00

1.
19

28
5.

00
1.

55
28

5.
00

1.
57

28
5.

00
1.

58
28

5.
00

1.
60

28
5.

00
1.

59
28

5.
00

1.
42

28
6.

34
1.

32
28

6.
32

1.
55

28
6.

43
1.

60
28

6.
53

1.
60

28
6.

51
1.

63
28

6.
52

1.
49

28
6.

51
1.

60
28

9.
04

1.
20

28
7.

99
1.

50
28

7.
93

1.
58

28
8.

30
1.

56
28

8.
57

1.
60

28
8.

02
1.

51
28

8.
71

1.
60

29
0.

16
1.

49
29

0.
1

1.
55

28
9.

97
1.

47
28

9.
72

1.
54

29
1.

66
1.

59
)

51
7.

41
0.

93
51

7.
32

1.
26

51
7.

59
1.

13
51

7.
67

1.
10

51
7.

44
1.

06
51

7.
55

1.
07

51
7.

64
1.

31
)

51
5.

90
0.

90
51

5.
77

1.
25

51
6.

07
1.

13
51

6.
18

1.
09

51
6.

20
1.

30
51

6.
04

1.
06

51
6.

12
1.

22
)

–
–

–
–

–
–

–
–

51
5.

14
1.

25
–

–
–

–
)

–
–

–
–

–
–

–
–

51
3.

77
1.

20
–

–
–

–
–

–
–

–
–

–
–

–
51

2.
55

0.
90

–
–

–
–
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C–O, O C–O and/or O C–N bonds [30]). The surface of
hese V2O5/V(1 1 1) thin films is quite similar to that of the

2O5/V(1 1 0) thin films [28].
After 700 cycles of Li intercalation/de-intercalation, the V 2p

ore level spectrum reveals chemical changes of the thin oxide
lm (Fig. 5). An increase of the intensity of the V 2p3/2B peak
V4+) and a decrease of the intensity of the V 2p3/2A peak (V5+)
re observed. This change of relative intensities evidences the
eduction and/or loss of V5+ ions with a resulting concentration
f 77% V5+ and 23% V4+. There is no signal from the vanadium
etal substrate (EB = 512.4 eV [26]), which confirms that the

xide film still forms a thick layer covering the metal surface.
The FWHM values of the V 2p peaks also vary (Table 1).

he V 2p3/2A and V 2p3/2B FWHM values increase from 0.93 to
.15 eV and from 0.88 to 1.24 eV, respectively, after 700 cycles.
he low values for the pristine surface are consistent with the for-
ation of well-crystallized films [20,31,32]. Their increase after

ycling is an indication of structural changes, due to distortion
f the oxide lattice.

The O 1s core level spectrum does not show major changes
fter 700 cycles. A slight increase of O 1sA and O 1sB FWHM
alues is observed (Table 1). The presence of contaminants like
arbonates (expected component at EB(O 1s) ∼= 533 eV), usually
bserved on the surface as a result of the electrolyte decompo-
ition [7,20,28], is not clearly evidenced in this case.

Fig. 6 presents the XP V 2p and O 1s core level spectra
btained prior to and after 1200, 2450 and 3300 cycles during
he 4500 cycle test. Binding energies and FWHM values are
ompiled in Table 2. On this sample, the pristine oxide film is
6% V5+ and 4% V4+. After cycling, the spectra confirm a mod-
fied surface composition of the oxide film. The V4+ content is
7, 16 and 18% after 1200, 2450 and 3300 cycles, respectively.
he lower values obtained after 2450 and 3300 cycles suggest

hat after 1200 cycles an excess of Li ions remained interca-
ated in the oxide but was not irreversibly trapped. After 1200
ycles, the increase of the V 2p FWHM from 0.93 to 1.26 eV
or V 2p3/2A and from 0.90 to 1.25 eV for V 2p3/2B confirms
he alteration of the structure. The lower values obtained after
450 and 3300 cycles (1.13 and 1.10 eV, respectively for the

2p3/2A peak) support the interpretation that the high amount
f V4+ obtained after 1200 cycles was related to an excess of
ntercalated Li ions distorting the oxide lattice.

The valence band (VB) region prior to and after 1200, 2450
nd 3300 cycles is presented in Fig. 7. The spectra show a Li 1s
eak at EB(Li 1s) = 56.06 eV that reveals the presence of inter-
alated Li ions, in agreement with the reduction of V5+ to V4+.
he higher intensity of the Li 1s peak is consistent with the
igher proportion of V4+ ions remaining intercalated after 1200
ycles. The VB region also shows that the V 3p core level peaks
re broader due to the presence of two components at EB(V
pA) = 42.62 eV and at EB(V 3pB) = 40.24 eV corresponding to
5+ and V4+, respectively. Fig. 7 also shows that Li, intercalated

n the oxide after cycling, induces an additional photoemission

ocated at EB(V 3d) = 1.3 eV. This observation evidences a mod-
fied electronic structure caused by Li intercalation. The empty

3d states of the V5+ ions are filled by the electrons transferred
rom 2s levels of intercalated Li to form V4+ ions. The presence Ta
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Fig. 7. XP spectra of the VB region for V2O5/V(1 1 1) prior to cycling and after
1200, 2450, 3300 and 4500 cycles.
ig. 6. XP spectra of the V 2p and O 1s core levels for a V2O5/V(1 1 1) thin
lm prior to cycling and after 1200, 2450, and 3300 cycles.

f the Li 1s peak, the broadening of the V 3p peak and the appear-
nce of the V 3d peak confirm the irreversible modification of
he thin oxide film, also evidenced by the V 2p peaks.

Fig. 8 presents the XP V 2p core level spectra obtained after
500 cycles. At this stage of multi-cycling, visual inspection
howed an heterogeneous surface after emerging the sample
rom the solution. Metallic parts of the sample were revealed
y stripping of the oxide film after rinsing the surface with ace-
onitrile. It cannot be excluded that the repeated stages of ex situ
ransfer and rinsing of the electrode amplified the degradation of
he oxide film. The surface was analyzed in three different points

elected with the optical camera in the XPS analysis chamber.
oint 1 (Fig. 8; Table 2) corresponds to a site where the thin
xide film was the most deteriorated. The V 2p3/2 core level
pectrum consist of five peaks: V 2p3/2A, V 2p3/2B, V 2p3/2C, V

Fig. 8. XP V 2p and O 1s core level spectra for the V2O5/V(1 1 1) after 4500
cycles.
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p3/2D, V 2p3/2E, corresponding to V5+, V4+, V3+, V2+ and V0,
espectively. The surface content, in this location, is 56% V5+,
3% V4+, 12% V3+, 1% V2+ and 8% V0. Point 2 corresponds to
well-preserved V2O5 film according to XPS (Fig. 8; Table 2)
ith 91% V5+ and 9% V4+. Point 3 shows a modified oxide film

onsisting of 74% V5+ and 26% of V4+ (Fig. 8; Table 2).
It can be seen in Fig. 7 that the spectra of the VB region

or Points 2 and 3 are quite similar to the spectra obtained after
450 and 3300 cycles. The spectra obtained in Point 1 is sig-
ificantly different due to presence of vanadium metal on the
urface. Additional peaks are observed at EB(V 3s) = 66.19 eV
nd EB(V 3p) = 37.19 eV corresponding to metallic V0, in agree-
ent with the V 2p spectrum. The intense peak observed at EB(V

d) = 1.3 eV is also consistent with the presence of metallic vana-
ium on the surface suggesting a complete exfoliation of the film
n these sites. The loss of vanadium oxide is confirmed by the
ower intensity of the Li 1s peak.

.4. Formation of the SEI layer

Fig. 9 presents the XP C 1s core level spectra prior to
nd after 1200, 2450 and 3300 cycles. Binding energies and
WHM values are compiled in Table 2. Three components
re observed on the pristine film. The main one, set at EB(C
sA) = 285 eV, is assigned to hydrocarbons, –CH2CH2–, always
etected at the extreme surface. The second one at EB(C
sB) = 286.34 eV can be assigned to C–O bonds. The third one
t EB(C 1sC) = 289.04 eV corresponds to O C–O or O C–N
pecies. The nitrogen peak observed at EB(N 1s) = 402.01 eV
s consistent with the presence of O C–N species but O C–O
pecies cannot be excluded. Consistently, the O 1s peak observed
t EB(O 1sB) = 530.93 eV can originate from C–O bonds and/or

C–N/O C–O species [30].
After 1200 and 2450 cycles, a different component at EB(C

sC) ∼= 288 eV and a new component at EB(C 1sD) ∼= 290 eV are
bserved. They are assigned Li-alkyl carbonates (ROCO2Li)
33,34] and/or Li-alkoxides (R-CH2OLi) [35] and lithium car-
onates (Li2CO3), respectively [20,33,34]. These components
ere already observed during the first intercalation cycle in

his safe potential range, as shown in our previous study
28]. The oxygen peak, corresponding to lithium carbonates,
s observed at EB(O 1sB) = 531.20 and 531.49 eV after 1200
nd 2450 cycles, respectively. The oxygen peak, corresponding
o (ROCO2Li) and/or Li-alkoxides (R-CH2OLi), is observed at
B(O 1sC) = 532.40 and 532.32 eV after 1200 and 2450 cycles,

espectively.
The two other C 1s components, detected on the pris-

ine film at EB(C 1sA) = 285 eV (–CH2CH2–) and EB(C
sB) = 286.32/286.43 eV (C–O), are still observed after 1200
nd 2450 cycles. However, the increased intensity of the C 1sB
omponent after electrochemical treatment indicates the uptake
f contamination (C–O bonds) at the surface. We can also note a
ignificant increase of the FWHM values for all the C 1s compo-

ents after the electrochemical treatment. All these changes are
haracteristic of the formation of the SEI layer [20,28,36,37].

After 3300 cycles, only three peaks are observed in the C 1s
ore level spectrum at EB(C 1sA) = 285 eV (–CH2CH2–), EB(C

c
1
1
w

ig. 9. XP C 1s core level spectra for V2O5/V(1 1 1) prior to cycling and after
200, 2450 and 3300 cycles.

sB) = 286.53 eV (C–O) and EB(C 1sC) = 288.30 eV (ROCO2Li
nd/or R-CH2OLi). The C 1sB and C 1sC peaks have lower
ntensities than before. The C 1sD peak (Li2CO3) is absent.
he oxygen peak at EB(O 1sB) = 531.18 eV can be assigned to

ontamination (C–O, O C–O bonds) in the absence of the C
s signal corresponding to Li2CO3. The oxygen peak at EB(O
sC) = 532.16 eV (ROCO2Li and/or R-CH2OLi) is observed
ith a lower intensity in agreement with variation of the C
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Fig. 10. XP C 1s core level spectra for V2O5/V(1 1 1) after 4500 cycles.
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Fig. 11. Topographic AFM image for the pristine V2O5
f Power Sources 170 (2007) 160–172 167

sC peak. A low intensity peak at EB(O 1sD) = 533.56 eV is
lso observed. These variations suggest the dissolution and/or
onversion of the SEI layer after 3300 cycles.

After 4500 cycles, the C 1s spectrum measured on Point
(Fig. 10), which corresponds to the area where the V2O5

s well preserved (91% V5+), shows four carbon peaks simi-
ar to those observed after 1120 and 2450 cycles. The same
haracteristics are also observed in the O 1s core level region.
ike after 3300 cycles, the small intensity oxygen peak at EB(O
sD) = 533.56 eV is assigned to contaminations derived from the
ell set-up.

In Point 1, where the vanadium metal substrate was revealed
ue to the deterioration of the oxide film, four carbon peaks are
bserved. The peak at EB(C 1sC) = 288.57 eV (ROCO2Li and/or
-CH2OLi) is shifted by about 0.5 eV to higher binding ener-
ies, compared to the previous analyses. It could result from the
ontribution of C O adsorbed on the metal surface. The oxygen
eak corresponding to C O species would overlap the oxygen
eak corresponding to Li-alkyl carbonates and/or Li-alkoxides
n the component at EB(O 1sC) = 532.20 eV. The oxygen peak at
B(C 1sD) = 533.01 eV is also observed.

On Point 3, corresponding to 84% V5+ in the oxide film, a
ighly contaminated surface was observed. The survey spec-
rum revealed high intensity peaks for Na and F. In this case, it
s assumed that the carbon peak now at EB(C 1sD) = 291.66 eV
s related to Teflon (–CF2CF2–) originating from the electro-
hemical cell. The peak related to Li-alkyl carbonates and/or
i-alkoxides is located at EB(C 1sC) = 288.71 eV. Similarly to
oints 1 and 2, the component at EB(O 1sD) = 533.63 eV corre-
ponds to some contamination or species connected with the
odification of SEI layer. These measurements confirm the

nhomogeneous character of the sample surface after 4500 cycles
f Li intercalation/de-intercalation.

.5. Microstructural changes

Fig. 11 shows an AFM image of the pristine V2O5/V(1 1 1)

ample used in the 700 cycle test. The surface is rough due to
he oxidation treatment. Indeed, the z-range (max-to-min height)
s 40 nm compared to 2 nm for the electropolished metal sur-
ace prior to the oxidation treatment [26]. The RMS roughness

/V(1 1 1) film. Topview (left) and 3D view (right).
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s 6 nm. The oxide film consists of grains ranging from 40 to
00 nm in lateral size. The grains have sharp edges producing
ell-marked grain boundaries, which confirms the crystalliza-

ion of the oxide film.
Fig. 12 shows three AFM images of the oxide surface after

00 cycles of Li intercalation/de-intercalation. The larger view
n Fig. 12a shows that the oxide layer is no longer uniform

nd presents pits. Fig. 12b shows the oxide microstructure
etween two pits. The RMS roughness between two pits is
0 nm, larger than that measured on the pristine oxide surface.
o marked difference is observed with the granular structure

t
h
t
o

ig. 12. Topographic AFM images of the V2O5/V(1 1 1) thin film after 700 CVs: (a
D view (right).
f Power Sources 170 (2007) 160–172

bserved prior to cycling. However, the grain boundaries appear
ess well-marked after the electrochemical treatment as revealed
y the comparison of the images in Figs. 11 and 12b. Fig. 12c
hows the structure observed inside and around one pit. A grain
icrostructure is also observed inside the pit and the pit edge is
ell-marked, most likely running along grain boundaries of the
xide film. This shows that the pits result from the exfoliation of

he oxide grains. The depth profile of this pit indicates an average
eight difference of ∼95 nm between the bottom of the pit and
he surface of the oxide film. This is lower that the total thickness
f the outer part of the oxide film containing V5+ and V4+ ions

) 10 �m × 10 �m, (b) 2 �m × 2 �m, and (c) 2 �m × 2 �m. Topview (left) and
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ig. 13. Pit area histogram calculated from the AFM image in Fig. 12a by select-
ng a minimum depth of the pits of 50 nm and minimum area of 0.0015 �m2.

hich, according to the RBS data for the sample used for the
500 cycle test, is ∼180 nm thick. This indicates that the exfo-
iation of the grains forming the pits proceeds inwards through

he oxide film without reaching the metal/oxide interface nor the
nner part containing V3+ and lower ions, in agreement with the
PS data that do not indicate the presence of these vanadium
xidation states at this stage. The RMS roughness measured at

w
s
o
t

ig. 14. Topographic AFM images of the V2O5/V(1 1 1) thin film after 2450 CV’s: (
f Power Sources 170 (2007) 160–172 169

he bottom of the pit is 10 nm, which is similar to the oxide
urface outside the pits.

Fig. 13 shows the histogram of the pit area calculated from
ig. 12a. The pit area is relatively large and can reach more than
�m2. There are 11 pits with the area larger than 0.5 �m2, 4
its with an area from 0.2 to 0.8 �m2 and 38 pits with an area
maller than 0.2 �m2. This confirms that most pits result from
he exfoliation of several grains, the maximum grain area being
0.02 �m2 as estimated from the lateral size of the grains. The

otal area occupied by the pits is 13.3 �m2 which amounts to
13% of the analyzed surface (100 �m2). The major part of

he pits measured in Fig. 12a have a depth ranging from 30 to
0 nm. This is of the order of the lateral size of the smaller grains
easured on the pristine oxide surface and suggests that only

he topmost layer consisting of V2O5 grains has been removed
rom the film by exfoliation.

Fig. 14 shows two AFM images obtained after 2450 cycles
uring the 4500 cycle test. On this sample, the oxide layer also
hows grain exfoliation but the pit area distribution is differ-
nt as shown in Fig. 15. There are only 4 pits with an area
arger than 0.5 �m2. The number of pits ranging from 0.2 to
.5 �m2 is 15 whereas the number of pits smaller than 0.2 �m2

s about 150. The total area occupied by the pits is 9.1 �m2,

hich amounts to ∼9% of the analyzed surface (100 �m ). The

maller pits obtained in this test suggest a different mechanism
f grain exfoliation, most likely related to the microstructure of
he pristine oxide film. It can be seen in Fig. 14b that the pits

a) 10 �m × 10 �m and (b) 2 �m × 2 �m. Topview (left) and 3D view (right).
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constituted of V4+ ions, in good agreement with the additional

F

ig. 15. Pit area histogram calculated from the AFM image in Fig. 14a by select-
ng a minimum depth of the pits of 50 nm and minimum area of 0.0015 �m2.

re elongated along the grain boundaries. Fig. 14a shows more
longated pits. Their dimensions range from 100 to 150 nm in
idth (measured at the surface) and from 30 to 90 nm in depth.
he width suggests that the exfoliation can propagate grain-by-
rain along the grain boundaries. The depth suggests that the
xfoliation can be limited to the V2O5 outer layer of the oxide
lm, measured by RBS to a depth of ∼77 nm on this sample.
xfoliation can also reach the V6O13 inner layer, measured by
BS to a depth of ∼138 nm on this sample. The larger triangular
it in Fig. 14b has a total depth of 120 nm with a first level at
0 nm. This indicates that the process of exfoliation proceeds
nwards in the oxide film, reaching the inner layer consisting of

4+ ions according to RBS. The grains appear much less sharp
fter 2450 cycles with grain boundaries much less well-defined
han on the pristine oxide.

After 4500 cycles of Li intercalation/de-intercalation, the
FM analysis was made uncertain due to the fact that the set-
p inside the glove box does not allow to select the surface

egion to be analyzed. Different random analyses of the sam-
le surface were attempted. The majority of the images showed
ajor modifications of the topography. Fig. 16 presents a typ-

f
m
c

ig. 16. Topographic AFM image of the V2O5/V(1 1 1) surface after 4500 cycles. To
f Power Sources 170 (2007) 160–172

cal example where the surface appears amorphous with small
rains having no well-defined crystalline shapes. It possibly cor-
esponds to residues of the oxide film remaining on the surface
fter stripping.

. Discussion

In the following, we combine the electrochemical, AFM,
BS and XPS data presented above and compare them with
revious results obtained after one cycle of Li intercalation/de-
ntercalation [28] to discuss the mechanism of capacity fading
fter multi-cycling.

The capacity fading in the 700 cycle test is about 16%. The
P V 2p core level spectra show a modified concentration of

he outer surface of the oxide film which is 77% V5+ and 23%
4+ after 700 cycles. In order to deduce the variation due to

ycling, the concentration of V4+ must be corrected from the
nitial concentration of the pristine surface (5% in this test),
ut also from the additional concentration of 8% of V4+ due to
i remaining in the oxide film after the first intercalation/de-

ntercalation cycle in the same safe potential range [28]. After
00 cycles, the additional fraction of V4+ measured at the surface
f the oxide film can then be estimated to ∼10%. This additional
raction can result from more Li trapped in the outer V2O5 layer
r from the measurement of the inner layers of the oxide film
ontaining V4+ ions.

The AFM analysis after 700 cycles indicates that ∼13% of the
urface is occupied by pits produced by grain exfoliation. The
it depth is consistent with the exfoliation of the grains forming
he outer V2O5 layer of the oxide film but is lower than the total
hickness of the film containing V5+ and V4+ ions. It suggests
hat the bottom of the pits corresponds to the V6O13 inner layer of
he oxide film. The fact that grain exfoliation has not proceeded
urther inwards in the oxide film is supported by the absence of

3+ or lower oxidation state components measured in the XP V
p spectrum. Therefore, it can be concluded that ∼13% of the
urface measured by AFM corresponds to the bottom of the pits
raction of ∼10% of the surface vanadium ions being V4+ as
easured by XPS after 700 cycles. The capacity fading of 16%

an then be related to the loss of electro-active material affecting

pographic and 3D views are shown. Topview (left) and 3D view (right).
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13% of the active surface as measured by AFM. Thus, these
ombined measurements allow to conclude that this is the loss
f electro-active material by grain exfoliation rather than the
eduction of the oxide film that would be the primary cause of
apacity fading.

In the 4500 cycle test, the capacity fading reaches 9% after
00 cycles and 18% after 1200 cycles. It is stable between 1200
nd 2450 cycles. The XP V 2p spectra obtained after 1200 and
450 cycles show that 27 and 16% of the surface vanadium ions
re V4+, respectively. This respectively amounts to 15 and 4%
fter correction from the fraction of V4+ ions initially present
4% in this case) and from the additional fraction (8%) of V4+

ound after the first intercalation/de-intercalation cycle [28]. The
ecrease of these values with cycling, whereas the capacity fad-
ng increases, supports the above conclusion that capacity fading
oes not result from the reduction of the oxide film. The higher
alue of 15% of additional V4+ after 1200 cycles suggests that
n excess of Li ions remains intercalated in the oxide film, but
ot irreversibly since this value decreases upon further cycling.
he XP C 1s and O 1s core level spectra show the presence of

ithium carbonates and Li-alkyl carbonates and/or Li-alkoxides
evealing the formation of the SEI layer. These species were
lso observed after the first intercalation/de-intercalation cycle
28]. The photoelectron intensity originating from these species
oes not vary markedly when comparing the data obtained after
, 1200 and 2450 cycles, indicating that the capacity fading
fter 2450 cycles does not result from the dissolution and/or
onversion with cycling of the SEI layer.

The AFM images show that the process of grain exfoliation
lso takes place, albeit producing a pit distribution different from
hat obtained after 700 cycles. After 2450 cycles, only a small
raction (estimated to ∼6% from the histogram in Fig. 15) of the
urface corresponds to enlarged pits having a depth consistent
ith the exfoliation of the V2O5 outer layer of the oxide film.
he fraction of 4% of V4+ ions produced after 2450 cycles in

his test could correspond to the VO2 inner layer of the oxide
lm revealed at the bottom of the enlarged pits by the exfolia-

ion of the V2O5 outer grains. The AFM images also show the
ormation of narrow and elongated pits running along the grain
oundaries. Their depth are also consistent with the exfoliation
f single V2O5 grains from the outer layer of the oxide film.
he total area of the pits is ∼9% of the surface, in less good
greement with the capacity fading of ∼18% measured at this
tage.

After 3300 cycles, the capacity dropped to ∼25% of the ini-
ial value. The XPS data indicate a surface very similar to that
btained after 2450 cycles except for the C 1s core level, which
uggests a possible dissolution or conversion of the SEI layer
ince Li carbonates are no longer observed. After 4500 cycles,
he heterogeneity of the surface observed at the macroscopic
cale was confirmed by XPS. Although some sites of the surface
ave a vanadium composition close to that observed after 2450
nd 3300 cycles, other sites reveal a severe loss of oxide material

llowing to measure the metallic signal of the substrate. This is
onsistent with the exfoliation of grains observed in the previ-
us stages and show that the process can progress inwards in the
xide film to expose the metal surface. It should be mentioned

t
t
b

f Power Sources 170 (2007) 160–172 171

hat the process of rinsing with acetonitrile may also facilitate
he grains exfoliation [6].

The grain exfoliation process evidenced in this study suggests
major role of the grain boundaries. A distortion of the V2O5

attice is induced by the transition from the � to the � phase.
ndeed, the planes formed by the VO5 truncated octahedra in
-V2O5 become corrugated in the � phase to accommodate the
i ions [3,4]. This distortion is reflected by the increase of the
WHM values already observed after intercalation during the
rst cycle [28] and confirmed in the present study after multi-
ycling. From the structure of the � and � phases [3,4], it can
e deduced that the � → � phase transition is accompanied by
volume increase of 11.5% of the oxide lattice, which is likely

o cause compressive stress at the grain boundaries. Cycling the
→ � phase transition is then expected to cycle the stress gen-

rated at grain boundaries and thus to promote the de-cohesion
f the grains leading to exfoliation.

The loss of grain boundary material after cycling has recently
een reported for sol–gel V2O5 thin films [6]. The presence
f poorly crystalline (amorphous) material in the as-received
xide films was advanced to explain the loss of material at
rain boundaries after cycling and rinsing. The amorphisation
f the oxide structure at grain boundaries after cycling cannot
e excluded in our case. The more rounded morphology of the
rains with grain boundaries less well-defined observed by AFM
fter cycling possibly correspond to the amorphisation of the
tructure initiated at the grain boundaries.

It cannot be excluded that the dissolution and/or conversion
f the SEI layer measured after 3300 cycles contribute to the
apacity drop observed at this stage. The growth of the SEI
ayer and its variations have been discussed recently [7]. The
EI layer acts as protective layer permeable to Li cations but
ot to other electrolyte components. The growth of “non-SEI”
ayers of different compositions is also possible [7]. The break-
own of the protective SEI layer has also been advanced as
result of structural modifications like amorphisation gener-

ted by multi-cycling [7]. In the case of amorphous V2O5 thin
lm, the dissolution of passivating layer, mainly consisting of
i2CO3, has been observed upon charging [20]. The breakdown
f the SEI layer may also be induced by the strain generated
etween the oxide particles by multi-cycling.

The conversion or/and dissolution of the SEI layer can also
e a result of the presence of contaminants originating from the
lass/Teflon electrochemical cell. The presence of Na, K and F
as observed in the survey spectra after 4500 cycles. These con-

aminants account for the presence of a small intensity oxygen
eak at EB(O 1sD) = 533.58 eV. A restructuring of damaged SEI
ayer is also possible [7], which could be the case after 4500
ycles in Points 1 and 2 where the presence of Li2CO3 was
bserved.

. Conclusion
SSCV, XPS and AFM were combined in two multi-cycling
ests (700 and 4500 cycles) of Li intercalation/de-intercalation
o study the ageing mechanisms of V2O5 thin films formed
y thermal oxidation of vanadium metal and characterized by
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BS. XPS analysis was performed using a direct anaerobic and
nhydrous transfer of the samples from the Ar atmosphere of
he glove box, where the electrochemical intercalation was per-
ormed (in 1 M LiClO4), to the ultra-high vacuum environment
f the XPS spectrometer. AFM imaging was performed in the
r atmosphere of the glove box.
SSCV shows quite stable Li intercalation properties of the

2O5 thermal oxide thin films over the first two thousands cycles
n the safe potential range (E ∈ [3.8, 2.8 V] versus Li/Li+), with a
apacity fading lower than 20%. Combined XPS, RBS and AFM
nalysis show that the loss of V2O5 active material is the major
ause of capacity fading in this stage of cycling. AFM reveals
its, the dimensions of which are consistent with the exfolia-
ion of V2O5 crystalline grains forming the outer layer of the
hermal oxide film. The exposed bottom of the pits corresponds
hen to the inner layer of the oxide film and consists of VO2
or mixed VO2 and V2O5) as deduced from the increased V4+

ontent of the surface measured by XPS. AFM images show that
rain exfoliation results from the de-cohesion of the oxide film
t grain boundaries. De-cohesion can result from the strain gen-
rated by repeated lattice distortions (reflected by the changes of
WHM in XPS) and the associated expansions/contractions of
olume produced when cycling through the �-to-� phase transi-
ion. Other changes like the partial reduction of V5+ to V4+ ions,
ue to Li remaining intercalated in the V2O5 oxide film, and the
ormation at the surface of the so-called SEI layer containing
i carbonates and/or Li-alkoxides and Li-alkyl carbonates, also
bserved after the first intercalation/de-intercalation cycle, are
ot amplified after 2450 cycles.

After 3300 cycles, the dissolution and/or conversion of the
EI layer is characterized by the disappearance from the surface
f the Li carbonate species. It can contribute to the capacity
ading reaching ∼25% at this stage. The breakdown of the SEI
ayer could be induced by the strain generated by repeated lattice
istortions and a possible amorphisation initiated at the grain
oundaries as suggested by the more rounded morphology of
he grains observed by AFM. After 4500 cycles, the oxide film
ecame inhomogeneous at the macroscopic scale and very labile
ue to further de-cohesion. It could be stripped away by rinsing
o reveal the vanadium metal substrate.
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